ABSTRACT Additional evidence is presented for the previously proposed existence in normal fibroblasts of a cyclic AMP-dependent network of microtubules and microfilaments, which is connected with cell membrane elements on one end and with nuclear structures on the other and whose disorganization leads to malignant transformation. In the presence of cyclic AMP derivatives sufficient to promote integrity of this network, cell growth limitation in suspension, increased transport of a4["C]aminobutyrate, and the relatively tranquilized membrane of the normal fibroblast are also achieved. A pattern of distribution of actin and tubulin has been demonstrated showing aggregated actin deposits which are resumably responsible for the oscillatory knob activity of ce ls with the transformed habitus. Specific orientations of microtubular and filamentous elements with respect to the nucleus can be demonstrated. The hypothesis that the microtubular-microfilamentous structure conveys growth-regulatory information from the cell membrane to the nucleus and that its disorganization can lead to malignancy has been extended to explain various cellular manifestations.
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The standard Chinese hamster ovary culture (CHO-Ki) displays the classical stigmata of malignantly transformed cells grown in vitro: it has a compact and pleomorphic structure with a surface studded with knobs (or blebs) instead of the smooth, highly elongated spindle-shape characteristic of normal fibroblasts; it grows in a random pattern so that colonies arising from single cells on a petri dish approximate a circular outline instead of the loops and whorls that characterize colonies of normal fibroblasts (1) ; it shows no contact inhibition of growth but readily grows in three dimensions; and it is typically sensitive to agglutination by low concentrations of lectins, which do not agglutinate normal fibroblasts. in 1971, we reported that dibutyryl cyclic AMP (Bt2cAMP) causes CHO-KI cells to lose these transformation characteristics and to assume the morphological habitus approaching that of normal fibroblasts (2) . Similar findings were simultaneously reported by Johnson et al. (3) in mouse and rat sarcoma cells.
This process, which we named reverse transformation (RT), was shown to be synergized by testosterone, testololactone, and various prostaglandins and does not require new protein synthesis (2, 4, 5) . We also showed that reverse transformation could be prevented by Colcemid, which causes disorganization of cellular microtubules, or by cytochalasin B, which inhibits microfilaments (2, 6) . Moreover, just as cAMP derivatives cause reverse transformation of transformed cells, Colcemid and cytochalasin B cause normal fibroblasts to develop knob activity and other characteristics of the transformed state (6) . We further showed by electron microscopy that the microtubules of the transformed cells are sparse and randomly arranged, whereas after reverse transformation, they form a dense, orderly, parallel network traversing most of the length of the resulting fibroblast-like structure (7).
The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. 4491 We, therefore, proposed that in the normal fibroblast, a common network consisting of an orderly array of both the rigid microtubular and the contractile microfilament elements is responsible for normal regulation of cell growth, that cAMP plays a necessary role in the formation and operation of this structure, and that disruption of either component disorganizes the overall structure. The microtubule-microfilament network (MT-MF) was postulated as carrying information from the cell surface to the genome, thus regulating cell reproduction. Transformed cells having lost this informational transfer, at least in some cases by disorganization of this MT-MF network, multiply in unregulated fashion, producing unlimited growth in vitro and tumors in vivo (2,-4,6-12) . The involvement of cell surface elements in this reaction was demonstrated not only by the change in lectin agglutination accompanying the reverse transformation change, but also by decreased ability of antisera to the CHO-KI cell to produce agglutination and capping and decreased effects of both lectins and of such antisera to produce the typical conversion to a spherical shape that normally occurs when surface-attached CHO-Ki cells are treated with these agents (4, 8, 13) . Reverse transformation also causes loss of lethal interaction of human and Chinese hamster cell surface antigens with specific antisera and complement. Finally, we demonstrated that the knobs characteristic of the transformed state are in violent and constant motion, whereas RT cells and normal fibroblasts exhibit smooth, relatively tranquil membranes (6) .
Work of other laboratories has confirmed and extended aspects of these studies. The phenomenon of reverse transformation is exhibited by several different transformed cells when treated with Bt2cAMP or similar agents (3, 14) . Electron microscopic studies (15) Methods of cell cultivation and single cell plating on surfaces (25) or in agar suspension (26) The dishes were removed from the incubator and placed on a cool damp towel to achieve room temperature quickly. The supernatant liquid was carefully removed and the cell layer was washed four times in growth medium. Analysis of these washings showed their total cell counts and the radioactivity content of the last washing to be negligible when compared respectively to the cells remaining attached and their contained radioactivity. The cells adhering to the dishes were then completely removed by a 10-min incubation at 370 in 0.5% trypsin solution, a concentration 10-fold greater than that routinely used to remove attached cells. Examination of the plates revealed that more than 99% of the cells were removed. The radioactivity of an aliquot of the cell harvest equivalent to at least 105 cells was measured in a scintillometer and expressed as cpm/104 cells.
Antisera against tubulin and actin, respectively, were kindly furnished to us by B. R. Brinkley and E. Lazarides. The immunofluorescence procedures followed were those described by these investigators (16) (17) (18) .
Various conditions can be used to achieve reverse transformation of CHO-K1 cells. All of these treatments furnish cAMP or a closely related derivative to the cells, inhibit the action of phosphodiesterase in the cells, synergize the action of cAMP by an undemonstrated mechanism, or use a combination of these actions. The most common condition used and adopted as standard utilized 0.5-10 mM Bt2cAMP plus 30 Nature of Membranous Knob Activity in the Transformed State. In previous publications, we have described how the knobs that characterize the transformed cell are in constant, violent movement, imparting to the membrane oscillatory activities in which the individual knob-like structures protrude into the extracellular space to about l/l of the cell diameter and return within a time period of 15-30 sec. Disappearance of these knobs and the concomitant tranquilization of the membrane is the first manifestation of the cAMP-induced reverse transformation reaction. We propose that disintegration of the MT-MF system causes the actin-containing contractile elements to dissociate from the organized network and to collect at discrete points along the membrane. In these regions the contractile protein, no longer dynamically coupled to the rigid tubular structures, is free to contract with little or no load. The result then is a series of continuously oscillating foci at points along the cell membrane. Both the moderate knob activity, which occurs in transformed cells like CHO-Ki, and the more intense knob activity that can be elicited by addition of sufficient cytochalasin B or Colcemid to these cells or even to normal fibroblasts are thus explained. The action of these drugs in producing the oscillating knob activity is specific (6) .
This model is amenable to experimental test. It demands that actin be localized in a pattern similar to that of the knobs in transformed cells and even in normal cells treated with Colcemid or cytochalasin B. In a typical experiment normal Chi- nese hamster fibroblasts (CHO-III) were treated with 2 /hM cytochalasin B for 4 hr to produce intense knob activity. Rabbit antiserum to actin was then added, followed by fluorescent goat antiserum to rabbit immunoglobulin. The results (Fig. 2) indicate deposits of actin in knob-like regions distributed over the cell in the typical pattern earlier described in connection with the knob activity. Similar tubulin deposits are demonstrable.
These considerations lead to a simple explanation of another phenomenon. Normal fibroblasts or reverse transformed cells rarely display knob activity. However, at the end of mitosis, the spindle is decomposed while the interphase MT-MF system is being re-formed. Thus, at the very end of mitosis, a state of disorganization of the MT-MF system should exist so that the temporary appearance of oscillatory knob activity even in normal cells may be expected. Time-lapse experiments revealed that in every cell examined, an explosive outbreak of typical knob activity of very short duration (seconds to minutes) occurred at the end of mitosis. This manifestation occurred in normal fibroblasts as well as in CHO-K1 cells, and even in the presence of reverse transforming conditions.
Nuclear (14, 16) .
A variety of patterns are discernible in the distribution both of actin and of tubulin in or around the nucleus of interphase cells grown in vitro. These patterns include fiber-like depositions encircling the nucleus, a set of 2-12 discrete local concentrations of these proteins within or directly contiguous to the nucleus, and the production of perinuclear deposits with rays extending into or around the nucleus. These different patterns may well be associated with particular regions of the interphase life cycle. In any case, the results suggest specific patterns of association and interaction of actin and tubulin with the interphase nucleus. DISCUSSION Elucidation, principally by Porter (30) , of the existence and structure of the cellular cytoskeletal system has made possible these as well as many other studies of its role in the cellular economy. We have used the term MT-MF network or system throughout our work to emphasize that there may not be complete correspondence between the growth-controlling elements and the entire cytoskeletal system of the cell.
In this and previous papers we have demonstrated the following: (a) A transformed cell can be changed back to the habitus of a normal fibroblast by increasing the cellular cAMP concentration. (b) MT-MF system is attached, directly or indirectly, to specific regions of the cell surface and ultimately to specific regions of the genome structure (8) (9) (10) (11) (12) 
